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ABSTRACT: Withtheincreaseduse_fvariablessuchascan_pyc_ver_phot_syntheticallyactiveradiati_n _.
teAR) a;_d overslory leaf area index (LAI) in forestry research, relationships between these variables and _

traditi_na_ f_restry variables must be de_ne_ bef_re rec_mmended levels _f t_ese research variables _an be _ _. _0 _5
achieved byforestry practitioners on the groutwL We measured basal area, canopy cover, Ozalid percent full

light, PAR, and _verst_ry LA_ in thinned and unthinned pl_ts within _ak and pine stands with the _bjectives _j_. _ 0 _
(1) determining the relationships between'these variables in two common forest types, (2) investigating the _ _ _
feasibi_it) _f using basa_ area t_ estimate and achieve rec_mmended _eve_s _f can_py c_ver' PAR_and LA_ in _ _c _ _
the field, and (3) examining the possibility of using direct canopy cover and Ozalid light measurements for
estimating PAR and LAI. Very strong relationships (r2 > 0.90 and P < 0.0001 ) were indicated between basal _.__ _
area and canopy cover, PAR, and LAL Direct canopy cover and Ozalid light measurements were also strongly
related to PAR and LAL lt is likely that the even-aged structure of the stands studied contributed to these results.

The strength of the relationships between the measures examined suggest that ptactical variables such us basal
area could potentially be used byforestry practitioners to estimate and achieve recommended levels of canopy
cover. PAR. and LAI in similar oak and pine stands. The possibility also exists for strong relationships between
these variables in other stand types that resemble those studied in terms of overstory structure. North. J.AppL
For. 16(1):25-32.

Multidiseiplinary approaches to difficult forest manage- Suppose an extensive, long-t_xm research project results in a
ment problems have increased over the past decade. Work on recommendation of PAR levelsnear 1000 I.tmols-Im -2 and an
the oak xegenerafion problem, for example, has included overstory LAI value of approximately I m2/m2for successfully
studies involving genetics, physiology, microelimate, and regeneratingaparticulartreespecies.Twoquestionswouldarise
ecology as well as silviculture. Ecological and physiological immediately inthe mind of the foreslry practitioner interested in
studies routinely involve variables such as canopy cover, applying these recommendations: How do I go about marking
overstory leaf area index (LAD, and photosynthetically ac- trees to produce these conditions, and how can I be sure that I
tive radiation IPAR) that ate critical to understanding the haveachievedtherecommendedlevelsofPARandLAIafterthe
performance of tree species and effects of competition, treatment has been applied?

Excellent instruments are available thai measure these

Nor_: DavidS.Bnsldeyistheeortnspondingauthor,andhiscurrantaddress research variables directly. Unfortunately, the cost of many
is TheUniversityof TennesseeInstituteof Ag'dculture.Depamnentof of these instruments prohibits their widespread use by for-

Fotcstr/, Wildlifeand Fisheries,P.O.Box 1071.Knoxville.TN 37901- _estry practitioners, and anost must be used under fairly107l--Phone: (423) 974-7126; Fax: (423) 974-4714; E-mail:
dbucldey@utk.edu.TerryShafik'spresentaddressis Deparanentof Forest naffow sets of conditions in the field (e.g., dry weather,
Rc_aa_.C, ofiegeofNaturalResources.rOtahStateUniversity.Logan.Utah certain sky conditions, or particular time periods during the
84322.ThoauthorswishtothankTomDn_mmer,PegGale,MartyJmgans_ day). Even if everyday use of these instruments by forestry
BillBoahandBillMahalak.TheyalsothankJohnZnsadaforteviewingan practitioners were feasible, it would still be necessary toearlierdraftof thismanuscript.Fortheir assistanceinthe field,theyare
gratefultoAmyCollicLEdGnU,DonRoss.andSarahSteele.Thisresearch relate LAI and PAR to traditional forestry variables such as
wasmadepo_ibhiby a eonlractbetweenTerryShatikandthe Michigan basal area or stem density in order to set up and apply
De--at ofNaturalResources.financialsupportprovidedbytheUSDA treatments with the aim of achieving recommended condi-Forest_rviee. NorthCentralForestExperimentStation.anda Fellowship
award_toDavidBuekleybyMichiganTeehnohigicalUniversity. tions, Thus. there is a need for examining and defining the
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relationships between variables used in physiological and canopy cover treatment: shrub layer removal (herbs. shrubs,

ecological research and variables that are easier and more saplings> 0.25 retail up tostems of saplings 0.0254 mdbh),
practical to measure in various forest types, herb layer removal (herbs, shrubs, tree seedlings < 0.25 m

We measured basal area, canopy cover, overstory LAI, tall), litter removal down to the humus layer, and a control

and light in thinned and unthinned plots in natural, second- (Figure 1).

growth oak stands and red pine (Pinus resinosa Ait.) planta- Plots with partial canopy cover were thinned from below
tions on moderately productive sites in northern Lower (Smith1986).Subeanopystems>0.0254mdbhweremarked

Michigan. These stand types and similar second-growth oak to be cut first, followed by additional canopy trees if neces-
and pine types are well represented in the northern Lake sary. Plots were marked to achieve 25% or 75% canopy cover
States and other regions of the eastern United States (Braun using visual estimation, a 10-factor prism, and rough ap-
1950, Stone 1958). Objectives were to: (1) determine the proximationsofappropriate basal areas from curves relating

relationships between these variables in two common forest basal area to canopy cover published for northern hardwoods
types, (2) investigate the feasibility of using basal area to (Godman and Tubbs 1973). All stems over 0.0254 m dbh
estimate and achieve recommended levels of canopy cover, were removed in clearcuts.
PAR and LAI in the field, and (3) examine the possibility of Following treatment, basal area and canopy cover were

using direct canopy cover and Ozalid light measurements for measured at the center of each understory plot. Basal area was
estimating PAR and LAI. measured with a 10-factor prism, and percent canopy cover

was measured with aconcave sphericaldensiometer (Lemmon
Methods Forest Densiometers, Bartlesville, OK). Densiometer counts

Second-growth natural oak stands and unthinned red pine were taken in the four cardinal directions and averaged.
plantations were studied on two sites in southern Crawford Overstory LAI was measured with two calibrated Li-Cor
County, Michigan (84o45,W, 44.3 I,N, elevation 400 m) and LAI-2000 plant canopy analyzers (Li-Cor Inc., Lincoln, NE).
on one site in southern Roscommon County, Michigan One plant canopy analyzer was used to measure LAI in each

(84"41"W, 44"14'N. elevation 300 m/. All stands closely of the 25% cover, 75% cover, and uncut overstory plots,
resembled Ecological Landtype Phase (ELTP)21 of the while the other was mounted on a tripod in the nearest
Ecological Classification and Inventory System of the Hu- clearcut to obtain synchronous reference measurements of
ron-Manistee National Forests (USDA Forest Service 19931. open sky. Instantaneous PAR (pmol s-1 m-21 was measured

Soils were sandy, mixed, frigid, Alfic Haplorthods devel- withineachunderstoryplotat0.15and 1 mabovetheground

oped in pitted outwash (Kim et al. 1996) with slopes less than with a model SF-80 Snnfleck Ceptometer (Decagon Devices
or equal to 5%. Inc., Pullman. WA). To allow calculation of percent trans-

Oakstands weredominated by aorthernredoak(Quercus mitred PAR (TPAR), synchronous measurements of PAR
rubra L.), with smaller amounts of white oak (Quercus alba were obtained in the center of clearcuts with Li-Cor LI- 190

L.), eastern white pine (Pinus strobus L.), red maple (Aeer quantum sensors mounted on stakes 1 m above the ground.
rubrum L.), and red pine. Red pine plantations contained All measurements were obtained between 12:00 and 2:00
occasional white oak, jack pine (Pinus banksiana Lamb.). p.m.. Eastern Daylight Savings Time. PAR measurements
northern red oak. trembling aspen (Populus tremuloides were obtained at seven sampling points within each under-

Miehx.), and red maple. Canopy heights of oak and pine story plot using methods adapted from the standard protocol
stands were approximately 24 m and 21 m. respectively. Oak used by the USDA Forest Service and U.S. Environmental
stands were 88--100 yr old and pine plantations were 59-75 Protection Agency's Forest Health Monitoring Program
yr old. (Isebrands and Steele 19931. Measurements collected at each

Major components of the understory herb layer _approxi- of the seven sampling points were averaged to provide amean
mataly 0-0.25 m above ground) were grasses, sedges, blue- TPAR value for each understory plot.

berry (Vaccinium angustifolium Ait. and Vaccinium Percent full light was measured with packets of light-
myrtilloides Michx,), and red maple seedlings. Important sensitive Ozalid paper. Packets were constructed with slight
components of the shrub layer [approximately 0.25 m above modifications to the method described by Friend (19611 and
ground to stems 0.0254 m in diameter at breast height (dbh)) protected by plastic petri, dishes. Three packets were placed
were hraeken fern (Pteridium aquilinum [L.] Kuhn) and red 5 m apart along a 0-t 80" azimuth bisecting each understory
maple saplings. Small quantities of witch hazel (Hamaraelis plot. An additional packet was placed on a 2 m stake in the
wrginiana L.), beaked hazel (Corylus cornuta Marsh.), black center of each clearcut as a reference. Packets were exposed
cherry (Prunus serotina Ehrh.) saplings and trembling aspen between 9:20 a.m. and.7:10 p.m. EDST on a clear day. After
saplings also occurred in the shrub layer. Hardwood stump exposure, packets were developed with ammonium hydrox-
sprouts were present in the thinned and clearcut plots, par- ide vapor, and the number of layers exposed by sunlight were
ticularly in the oak stands, counted. Percent full sun was ealealated by dividing the

Four overstory treatments were randomly assigned to 66 number of layers exposed within understory plots by the

x 66m (0.44 ha) plots within three similar stands ofeaeh type: number of layers exposed in packets placed in eleareuts.
eleamut. 25% canopy cover, 75% canopy cover, and uncut Basal area, canopy cover, TPAR. and Ozalid light data
(control) (Figure 1). Four understory treatments were ran- measured within 15 x 15 m understory plots were averaged
domty assigned to 15 × 15 m (0.02 ha) plots within each over sample points and understory plots to obtain means for
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Figure 1. CanolW cover and under, tory treatment piots (to scale) within stmtlat oak and pine stands. Tree
spatial mlat|onshipe between stands have been altered for the purpose of efficient peesentaticn. For canopy
cover treatments, CC = ¢leareut, 25% = 25% cover, 75% = 75% cover, UC = un¢uL For understow treatments,
C = control, L = litter removal, H = herb removal, S = shrub removal.
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each 66 x 66 m overstory plot. These means and single LAI was nearly equivalent between the oak and pine stands
values for each overstory plot were analyzed with linear (Figures 3e, f). Overall, Ozalidlightdiminishedfarless than

regression (Neteret al. 1989) toexaminerelationships among TPAR with increases in canopy cover (Figures 3a-f).
variables. Separate regression analyses were run for oak and Using the square root of LAI provided the best linear

pine stands. The adequacy of each regression model was relationsbipbetweencanopycoverandLAI.Therelationship
checked through inspection of scatter, residual, and normal between canopy cover and the square root of LAI was

probability plots. LOgl0 and power transformations were exceptionally strong in the pine stands and somewhat weaker
used when necessary to improve linearity, homogeneity of in the oak stands (Figures 3g, h).

variances, and normality. Following lOglOtransformations of both independent and
dependent variables, relationships between log!0 Ozalid light

Results at 0 m and lOgl0 TPAR at 1 m and 0.15 m were quite strong

Relationships among basal area, canopy cover, TPAR, in both stand types (Figures 4a-d). The strength of therelationship between logl00zalid light at 0 m and TPAR at
Ozalid light, and LAI were all very strong. All analyses had l m was roughly equivalent across stand types (Figures 4a,
c°efficients°fdeterminati°n(r2) >0'90andP<0"0001"The b). The relationship between lOgl00zalid light and lOgl0
best linear relationship between basal area and canopy cover TPAR at 0.15 m was somewhat weaker in the oak than in the

was achieved by taking the square root of basal area. The pine stands (Figures 4c, d).
relationship between the square root of basal area and canopy
cover was somewhat stronger in the pine stands than in the No transformations were necessary in the analysis of the

oak stands (Figure 2a, b).Agteateramountofbasalareawas relationship between Ozalid light at 0m and LAI. Thisrelationship was stronger in the oak stands than in the pine
associated with a given level of canopy cover in the pine
stands than in the oak stands (Figures 2a, b). stands (Figures 4e, f).

The strength of the relationship between the square root of Discussion
basal area and TPAR at 1 m above the ground was roughly

equivalent between the oak and pine stands (Figures 2c, d). Due to the relationship between the stems of canopy trees
Percent transmitted PAR at 1 m diminished less rapidly with and canopy foliage, and the relationship between canopy

increasing basal area in the pine stands than in the oak stands foliage and light levels beneath the canopy, it is clear that
(Figures 2c, d). basal area, canopy cover, overstory LAL and measures of

Thesquareroot ofbasalareahadtbestrongestrelationship light should all be related. How the nature and strength of
to TPAR at 0.15 m above the ground in both stand types. The relationships between these variables might change between

relationship was stronger in the pine than in the oak stands stands differing in age, composition, and structure is less
(Figures 2e, f). Values of TPAR at 0.15 m were greater at a clear. Significant changes in the strength and nature of
given basal area in the pine stands than in the oak stands relationships between variables may occur due to differences
(Figures 2e, f). within and between tree species in overall form. crown

No transformations were required to linearize therelation- architecture, and developmental stage. In northern hardwood

ship between basal area and Ozalid light at 0 m above the stands, for example, the relationship between canopy cover
ground. The relationship was stronger in the oak stands than and basal area has been shown to vary substantially, depend-
in the pine stands (Figures 2g, h). Overall, Ozalid values ing on species and diameter (Godman and Tubbs 1973L In
dropped more gradually with increasing basal area than the oak and pine stands we measured, it is likely that innate
TPAR values (Figures 2c-hi. and Ozalid values were lower differeneesinerowncharacteristics between red pine and oak
in oak stands than pine stands (Figures 2g, h). were partially responsible for the differences between stand

Similarly, no transformations were needed to linearize the types in the regressmn equations describing relationships
relationship between basal area and LAI. This relationship between a given pair of variables (Figures 2--4). One obvious
was strong in the oak stands and exceptionally strong in the difference was the greater crown diameter of the oaks. More
pine stands (Figures 2i, j). basal area was associated with a particular level of canopy

Percent transmitted PAR at I m above the ground was cover in the pine stands than in the oak stands (Figures 2a, b).

strongly related to canopy cover in both stand types (Figures The best explanation for the strong relationships be-
3a, b). No transformations were necessary to linearize this tween the variables measured is the even-aged structure of

relationship or the relationship between canopy cover and the oak and pine stands studied. The vertical structure of
TPAR at 0.15 m. the second-growth oak stands was less complex than stand

The relationship between canopy cover and TPAR at types (e.g., uneven-aged or old-growth northern hard-
0.15 In above the ground was stronger in the pine stands than woods) which typically contain stems of several ages and
intheoakstands (Figures 3c, d).Thedeparture fromlinearity sizes. The presence of old, partially burned pine stumps
for TPAR at 0.15 m was greater in cleareuta than in the other and the history of these counties (Whitney 1986) indicate
ovetatory treatments in the oak stands (Figure 3c). that most of the oaks in the oak stands became established

The best linear relationship between canopy cover and just after logging and burning at the turn of the century.
Ozalid light at 0 m above the ground was obtained by squat- The lack of species such as sugar maple (Acer saccharurn
ing canopy cover prior to analysis. The strength of the Marsh.) and beech (Fagus grandifolia Ehrh.) that typi-
relationship between canopy cover squared and Ozalid light cally form multiple canopy layers also contributed to the
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Figure 4. Relationships between percent full light measured with Ozalid paper at 0 m end TPAR at 1 m {a, b), TPAR
at 0.15 m {c, d), and overstow LAI (e, f) for oak and pine stands, respectively. Included ere regression lines,
regression equations, and coefficients of detennnination (t2). For all regressions, P< 0.0001.

The greater abundance of red maple saplings and stump usedbyforestrypractitioners.Ozalidpapersanddensiometers
sprouts in the oak stands than in the pine stands was probably would be useful, however, in stand types where relationships
responsible for the slightly lower levels and greater variabil- between basal area and light or basal area and canopy cover
ity of TPAR at 0.15 m in the oak stands (Figures 2e, f, 3c, d). are poor. or wben more direct estimates of light levels and
Although overstory effects were stronger, the influence of canopy cover are desired. Measurements with both Ozalid
understory vegetanon on light could be important for small paper and spherical densiometers have been criticized for
seedlings, even in clearcuts, various shortcomings (Bardon etal. 1995; Bunnell and Vales

1990. Cook et al. 1995), and instruments such as the Sunfleek

Conclusions Ceptometer and Plant Canopy Analyzer measure over much
greater areas of the overstory or understory. Despite these

The strength of the relationships between the measures drawbacks, our results suggest that very strong relationships
examined suggest that prism estimates of basal area. Ozafid between Ozalid paper or densiometer measurements and
light values, and densiometer estimates of canopy cover those obtained with electronic instruments can exist, and that

could potentially be used by forestry practitioners to estimate these methods can be viable alternatives when the use of
and achieve recommended levels of PAR and LAI in the field, electronic instruments is not feasible.

It also appears that levels of canopy cover could be estimated Thinning of the extensive pine plantations in Michigan
and created in the field using prism basal area measurements, (Stone 1958) and elsewhere in the northern Lake States is
although the possibility of variability in the relationship a common, ongoing practice, and shelterwoods have been

between canopy cover and basal area should be considered recommended as a means for increasing regeneration suc-
(Godmaa and Tubbs 1973). cess of oak species (e.g., Gottschalk and Marquis 1983,

Of the measures evaluated in this study, basal area mea- Johnson et al. 1986, Bucktey et al. 1998), Provided that

surements are the most efficient to obtain, most applicable to composition, overstory structure, and site productivity
the setup of silvicultural treatments, and the most likely to be compare with the stands studied, the regression equations
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presentedinFigures2--4couldbeusedas aguideinsetting 8uc_u_v, D.S., T.L, Sa_,_t¢.,_.tqaLG. lse_l, Nt_s.1998. gegeneratiotl ofnorthern red oak: Positive and negative effects of competitor removal.
up silvicultural treatments to achieve particular levels of Ecology 79:65-78.

canopy cover, TPAR., or LAI in similar oak and pine BoNN_ta.,F.L.,^t_t)D.J.VxLF_.1990.Comparisonofmethodsforestimating
stands, and in estimating these variables following treat- forest overstorycover:Differences among techniques. Can. J.For.Res.20:101-107.
merit. Due to the greater uniformity of red pine and plan- CooK,J.G., T.W. S'rtrtz_aN, C.W. BOWERS,K.A. 8P.ENNER,^NOL.L. IRWIN.
tations, it is likely that the equations presented for the red 1995,Sphetical densiometers produce biased estimates of forest canopy

pine plantations are applicable to a broader range of cover. WildI.Soc. BuU.23:711-717.FitIF.NO,D.T.C. 196t. A simple method of measuring integrated light values
geographic locations and habitat types than the equations in the field. Ecology42:577-580.
for the oak stands. GOOM_N,R.M., _No C.H. Tuaas. 1973. Establishing even-age northern

Clearly, the regression equations developed from our data hardwood regenerationby the shelterwoodmethod--a prelimina_ guide.USDA For. Serv. NorthCentral For, Exp. Stn. Res. Pap. NC-99.9 p.
would not be appropriate for stands that differ substantially Gorrscn^Lt. K.W.,At,roD.A;MARQUIS.1983.Survival and growth ofplanted
from those studied in terms of composition or structure, redoakandwhiteashasaffectedbyresiduatoverstorydensity, stoeksize.

Different regression equations would be required for differ- and deer browsing. P. 125-140 in Proe.FourthCentral HardwoodForestConf., Muller, R.N. (ed.). University of Kentucky, Lexington, KY.
ent stand types. The potential exists for similar strong rein- lsmfv, n_, J.G., ^NoS.L S'rr.KE. 1993.Photosynthetically active radiation

tionships in other second-growth stand types, and determina- (PAR) indicator. P. 1-21 inForest healthmonitoring field methodsguide,
tion of the relationships among these variables in various Conlding, B.L.. and G.E. Beyers (ods.). U.S. EPA, Los Vegas, NV.JOm_SON,P.S., C.D. DAt_, K.R. DAV|DSON,ANr_J.R. LAW.1986. Planting
cover types would be useful. In addition, incorporating for- northern red oak!ntheMissouri Ozarks:A prescription.North. J. Appl.

estry variables such as basal area into ecological and physi- For. 3:66-68.

ological research and placing emphasis on expressingrecom- Kin, C., T.L. Sn^I_IK,M.F. JURa_S_, R.E. DICKSOIq,^_D D.S. BtJCKt_Y.1996,Effectsof nirtogenavailability onnorthernred oak seedlinggrowth
mendations in terms of variables that can be measured easily in oak a_t pinestands.Can. J. For. Res, 26:1103-111 t_
in the field will expedite the application of research results on NE'ma,J., W. W^sseau_, ^NOM.H. Ktre_R. 1989.Appliod linearregression

models. Irwin,Homewood, IL. 667p.
the ground. SMrra, D.M. 1986.The practice of silviculture. Ed. 8. Wiley, New York.

52"]p.
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